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Abstract
Motivated by the recent ‘Higgs-inflation’ scenario based on a single inflaton field, we consider
more generic two-field inflation with non-minimal coupling term. The generic analytic expressions
are derived for cosmological observables with the product-separable as well as additive-separable
potentials when the non-minimal coupling term is dominated by one of the two fields. A hybrid
model with the inflaton potential V = µ2φ2 [1 + cos(χ/σ)] is closely examined as a concrete ex-
ample. Compared to the minimal model, the non-minimal model is shown to provide better fit
to the recent cosmological observation by WMAP9 and Planck2013 with the relatively lower field
values during the inflationary epoch. Most interestingly, a small value of tensor-to-scalar ratio
requires a large non-minimal coupling in our scenario. The model produces non-observably small
non-Gaussianity in most of parameter space while a large non-Gaussianity(∼ O(10)) is obtainable
only when the inflation takes place in a limited field space along the top of the potential.
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I. INTRODUCTION
The standard slow-roll inflationary paradigm, which can give rise to the primordial per-
turbations, has been emerged as a solution of cosmological problems, namely, flatness, homo-
geneity, and isotropy problems [1]. Observational precision has been dramatically improved
recently [2–6] and the refined understanding of the origin of inflation would be hoped even
though there exists degeneracy problem [7].
Some of the key measurements toward the origin of the inflation are the scalar spectral
index, nζ , the tensor-to-scalar ratio, r, and the primordial non-Gaussianity (NG), fNL. The
recent Planck data combined with the final nine-year WMAP data [4, 5] suggest that these
observables are within a window:
nζ = 0.9603± 0.0073 (68% C.L.),
r < 0.11 (95% C.L.),
f localNL = 2.7± 5.8 (68% C.L.). (1)
Combination of these measurements provide a powerful guidance to distinguish a specific
inflationary model from the others. A large NG is not expected in single field models [8],
and thus observations of the large NG would strongly disfavor single field models.
Recently, ‘Higgs-inflation’ scenario where the inflaton, φ, is identified with the electroweak
Higgs boson in Jordan frame with non-minimal (NM) coupling, ξφ2R, with the Ricci scalar,
R, [9] and its generalization to arbitrary monotonic function, ξφ2R → K(φ)R, have been
studied with one-field model [10]. The most interesting observation would be the fact that
an asymptotically flat potential in Einstein frame is automatically obtained when the ratio
between the scalar potential V (φ) and the square of the NM coupling term K(φ) approaches
a constant,
V
K2
→ C, φ 1, (2)
where C is a positive constant.1 The rather extensive study on NG in single-field infla-
tion model with NM coupling term was recently performed [12], in particular, for the λφ4
potential with ξφ2R term [13, 14].
1 It has been shown that the inflationary scenario with NM coupling term could be natural in the presence
of hyperbolic extra dimensions [11].
2
In this paper we consider two inflaton fields aiming toward even further generic multi-field
cases with NM couplings. Indeed multiple number of scalar fields and their NM couplings
are naturally introduced in generic supergravity theories taking generic Ka¨hler potential
into account [15]. To be specific, we focus on the two-field inflaton potentials of the form
(i) U1(φ)U2(χ) (product-separable) and (ii) U1(φ) + U2(χ) (sum-separable) in the presence
of the NM coupling term dominated by one of the two fields, namely K(φ, χ) ≈ K(φ) and
develop detailed analytic expressions for cosmological observations using δN formalism. We
reserve more generic cases for the future.
The rest of this paper is organized as follows: In section II, we develop a set of tools
in δN-formalism to analyze the two-field inflation with NM coupling term. The analytic
expressions for physical quantities including power spectrum, spectral index, tensor-to-scalar
ratio, and non-linearity parameter are derived for a generic setup. In the subsequent section
III, as a concrete example, we apply our results to a specific model of separable potential,
V = µ2φ2[1+cos(χ/σ)] with the NM term K = αφ. For the future experiment, we show the
parameter space which is consistent with the current observation. Finally, the conclusion
is given in section IV. In appendix, we provide useful analytic expressions for cosmological
observables in various two-field cases with and without NM couplings, which are extensively
used in the text.
II. GENERAL ANALYSIS OF INFLATION WITH TWO FIELDS AND NON-
MINIMAL COUPLINGS
Having two scalar fields, (φJ, χJ), we write the generic (super)gravity action in Jordan
frame as
LJ√
−gJ = −
1 +K(φJ, χJ)
2
R +
1
2
(∂φJ)
2 +
1
2
(∂χJ)
2 − V (φJ, χJ), (3)
where the NM coupling term, in general, is expanded as
K = K0 +KφφJ +KχχJ +Kφφφ
2
J +KφχφJχJ +Kχχχ
2
J + · · · (4)
and V (φJ, χJ) is the inflaton potential in the Jordan frame.
2 The constant term K0 can be
absorbed in the definition of MP so is neglected in below. The specific forms of K and V
2 Note that we are using MP = 1/
√
8piG = 1 units.
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depend on their origins.
For the given NM coupling term, we always find the conformal transformation leading to
the Einstein frame:
gµν → gEµν = Ω2gµν , (5)
where the conformal factor, Ω2, is given by
Ω2 = 1 +K(φJ, χJ). (6)
The resultant action in the Einstein frame is, then,
LE√
−gE = −
RE
2
+
Ω−2
2
[
k1(∂
EφJ)
2 + k2(∂
EχJ)
2 + k3(∂
EµφJ)(∂
E
µχJ)
]
− U(φJ, χJ), (7)
where
k1 ≡ 1 + 3
2
Ω−2 (K,φJ)
2 ,
k2 ≡ 1 + 3
2
Ω−2 (K,χJ)
2 , (8)
k3 ≡ 3Ω−2K,φJK,χJ ,
and U is the potential in the Einstein frame, which is related to V by
U =
V
(1 +K)2
. (9)
Note that the subscript comma ‘,’ denotes the partial derivative, e.g., K,φJ ≡ ∂K/∂φJ.
Now a few comments on the general properties of the action are in order:
• Up to this point, the form of the Lagrangian is symmetric about φJ ←→ χJ ifK(φ, χ) =
K(χ, φ) and V (φ, χ) = V (χ, φ). The symmetry can be (explicitly) broken either by
the NM coupling term and/or the potential.
• Suppose that K  1 and V  1 in the limit of large fields, φJ, χJ  1. A generic
condition for large field inflation can be easily noticed since the potential in the Einstein
frame, Eq. (9), looks
lim
φJ,χJ→∞
U =
V
K2
. (10)
If the asymptotic value is constant, as in Eq. (2), the potential involves a large plateau
which may be responsible for large field inflation. Even when one of the two directions
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is asymptotically flat, it is still possible to have a slow-roll inflation along that direction.
In this case, the condition for the flat potential at the particular field direction, φJ
here, becomes
lim
φJ→∞
V
K2
= Const. (11)
These results are analogous to those in [10].
The kinetic term in Eq. (7) is not separable in general and thus is not canonically nor-
malizable as far as k1, k2, and k3 in Eq. (8) are mixed functions of φJ and χJ. We restrict
our interest to the cases of canonically normalizable two fields. To be specific, considering
that the NM coupling is only a function of one of the two fields, K(φJ, χJ) = K(φJ) or the
terms depending on χJ are negligibly smaller than the terms with φJ, we have k1 = k1(φJ),
k2 = 1, and k3 = 0. More concretely,
k1 = 1 +
3
2
(K,φJ)
2
1 +K
. (12)
Then the canonically normalized field in the Einstein frame is obtained by solving the
equation:
dφE
dφJ
=
√
k1
1 +K
. (13)
The action in the Einstein frame, Eq. (7), is reduced to a well known form [16, 17]:
LE√
−gE =
R
2
+
k1
2Ω2
(∂φJ)
2 +
1
2Ω2
(∂χJ)
2 − V (φJ, χJ)
Ω4
=
R
2
+
1
2
(∂φE)
2 +
e2b
2
(∂χE)
2 − U(φE, χE), (14)
where φE is canonically normalized field of φJ, χE = χJ, and b = −12 log(1 +K). One should
notice that the ordinary minimally coupled case is recovered by letting b = 0 (or K = 0).
If the potential is a product-separable in Jordan frame, as V = U1(φJ)U2(χJ), the po-
tential in Einstein frame is also separable as U = U˜1(φE)U2(χE) where U˜1(φE(φJ)) ≡ e4bU1.
This type of model has been extensively studied in [16, 17] and we will closely follow the
existing studies in subsequent sections. In addition, for the brevity of the notation, we will
drop subscript ‘E’ in the Einstein frame below.
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In the background Friedmann-Robertson-Walker metric, the equations of motion for the
scalar fields are
φ¨+ 3Hφ˙+ U,φ = b,φe
2bχ˙2,
χ¨+
(
3H + 2b,φφ˙
)
χ˙+ e−2bU,χ = 0, (15)
where H is the Hubble parameter. From the Einstein equations we get
H2 =
1
3
(
1
2
φ˙2 +
1
2
χ˙2e2b + U
)
. (16)
Under the assumption of slow-roll, Eqs. (15)–(16) become
3Hφ˙+ U,φ = 0, 3Hχ˙+ e
−2bU,χ = 0, H2 =
1
3
U. (17)
In slow-roll inflationary models, it is convenient to introduce slow-roll parameters
φ ≡ 1
2
(
U,φ
U
)2
, χ ≡ 1
2
(
U,χ
U
)2
e−2b,  = φ + χ,
ηφ ≡ U,φφ
U
, ηχ ≡ U,χχ
U
e−2b, b ≡ 8(b,φ)2, ηb ≡ 16b,φφ. (18)
The slow-roll condition requires φ  1, χ  1, |ηφ|  1, and |ηχ|  1. It is also useful to
introduce a dimensionless angle, θ, defined by
cos θ =
φ˙√
φ˙2 + e2bχ˙2
, sin θ =
χ˙√
φ˙2 + e2bχ˙2
eb, (19)
and, in the slow-roll approximation,
cos2 θ =
φ

, sin2 θ =
χ

. (20)
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In terms of the dimensionless angles, the cosmological observables are expressed as3
Pζ =
(
H∗
2pi
)2
e2X
2∗
cos4 θe
sin2 θ∗
(A2 tan2 θ∗ + tan4 θe) ,
nζ = 1− 2∗ − 4∗ sin
2 θ∗
cos4 θe
e−2X
A2 tan2 θ∗ + tan4 θe −
cos2 θ∗
12
(A tan2 θ∗ − tan2 θe)2
A2 tan2 θ∗ + tan4 θe
(
ηb∗ + 2
b
∗
)
∗
+2
A2 tan2 θ∗ηφ∗ + tan4 θeηχ∗
A2 tan2 θ∗ + tan4 θe + 8∗
A tan2 θe sin2 θ∗
A2 tan2 θ∗ + tan4 θe
−sφsb
√
φ∗b∗ tan
2 θe
2A tan2 θ∗ − tan2 θe
A2 tan2 θ∗ + tan4 θe ,
r = 16∗
sin2 θ∗
cos4 θe
e−2X
A2 tan2 θ∗ + tan4 θe , (21)
f
(4)
NL =
5
6
[
2Jp∗ − Fpηφ∗ −Gpηχ∗ + sbsφKp
√
b∗
φ
∗
+2Hp
(
ηφe sin
2 θe + η
χ
e cos
2 θe − 1
2
sbsφ
√
be
φe
e sin
4 θe − 4e cos2 θe sin2 θe
)]
,
where X ≡ 2be − 2b∗, A ≡ e−X
[
1 +
(
1− eX) tan2 θe],
si=φ,χ =
{
+1, if U,i > 0
−1, if U,i < 0
, sb =
{
+1, if b′ > 0
−1, if b′ < 0
, (22)
and
Jp ≡ sin
2 θ∗
cos2 θe
e−X
A3 tan2 θ∗ + tan6 θe
(A2 tan2 θ∗ + tan4 θe)2 ,
Fp ≡ e
−X
cos2 θe
A3 tan4 θ∗
(A2 tan2 θ∗ + tan4 θe)2 ,
Gp ≡ e
−X
cos2 θe
tan6 θe
(A2 tan2 θ∗ + tan4 θe)2 , (23)
Kp ≡ e
−X
cos2 θe
A2 tan4 θ∗ tan2 θe
(A2 tan2 θ∗ + tan4 θe)2 ,
Hp ≡ tan2 θe (A tan
2 θ∗ − tan2 θe)2
(A2 tan2 θ∗ + tan4 θe)2 .
Note that the sub(super)script ∗(e) indicates the value at the horizon exit (end of inflation)
and the prime index denotes the derivative with respect to the corresponding fields as usual.
In order to see general tendency of the non-linearity parameter we plotted Jp, Fp, Gp,
Kp, and Hp in Fig. 1 with fixed X = 0.0 for numerical evaluation. Similar results are found
for X = ±0.1, too. The general tendency is summarized as follows:
3 Some details of the derivation are given in Appendix.
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FIG. 1: Analysis of the non-linearity parameter for the non-minimally coupled case with X = 0.
• Since the Jp is always less than unity and smaller than other parameters, we will ignore
Jp in evaluating cosmological observables.
• The parameters, Fp, Kp, and Hp can be significant when φ  χ or (θ∗, θe) ∼
(pi/2, pi/2). On the other hand, when (θ∗, θe) ∼ (0, 0) or φ  χ, Gp and Hp are
significant.
• Due to the large Kp-dependent term in Eq. (23), φ  χ(φ  χ) case produces large
NG when sbsφ > 0(< 0), respectively.
Details of the cosmological observables depend on the explicit realization of the model.
In the next section, we will more closely examine a particular case with K = αφ and
V = µ2φ2[1 + cos(χ/σ)], which leads an interesting phenomenology.
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III. AN EXPLICIT EXAMPLE: V = µ2φ2[1 + cos(χ/σ)]
In this section, we consider a phenomenological potential of the form in the Jordan frame,
V = µ2φ2
[
1 + cos
(χ
σ
)]
. (24)
This potential could be regarded as a hybrid of the chaotic inflation with m2φ2 term [18]
and the natural inflation with cosine term along χ direction [19]. Interestingly, the potential
in the Einstein frame involves a flat plateau along φ direction (or natural inflation along
the orthogonal χ direction). When the NM coupling term is of the form of K = αφ, the
condition, V/K → C, φ  1 in Eq. (2) is satisfied. The potential and the typical paths of
inflation are depicted in Fig. 2 for minimal (α = 0, left) and non-minimal (α 6= 0, right)
case, respectively.
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FIG. 2: Upper two figures are the inflaton potentials for minimal (α = 0) and non-minimal (α = 1)
case, respectively. We fix µ = 1.0 × 10−6 and σ = 10.0. The two dotted lines in the lower two
figures stand for the typical trajectories for minimal (α = 0) and non-minimal (α = 1.0) cases with
different initial field values.
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A. Minimally coupled case: K = 0
In the minimally coupled case (α = 0 or equivalently b = 0 in Eq. (14)), the potential in
the Jordan frame and the Einstein frame become identical with φJ = φ and χJ = χ:
U(φ, χ) = µ2φ2
[
1 + cos
(χ
σ
)]
. (25)
Here we drop the the subscript, ‘E’. The shape of the potential and the typical trajectories
of the inflaton are depicted in the left two figures in Fig. 2. The potential may be understood
as the mass term along the φ direction, which varies periodically along the χ direction.
For each trajectory, the number of e-foldings, N , is found in a rather simple form:
N = −1
4
(
φ2e − φ2∗
)
= −2σ2 ln
[
sin (χ∗/2σ)
sin (χe/2σ)
]
(26)
that determines the evolving field values of φ and χ for a given number of e-foldings:
φ(N) =
√
φ2∗ − 4N, (27)
χ(N) = 2σ sin−1
[
sin
(χ∗
2σ
)
exp
(
N
2σ2
)]
, (28)
where φ∗ and χ∗ are the initial values of inflaton fields. Here we only consider ‘large-to-small’
evolution along the φ direction and φ∗ > 2
√
N60 ' 15.5 for reality of φ during inflation. In
general, χ is a periodic function sitting in the cosine potential but we only restrict ourselves
to the case where the inflation takes place within one period of oscillation. Taking N = 60,
we find φe and χe as the values of fields at the end of inflation,
φe = φ(N = 60), χe = χ(N = 60). (29)
The slow-roll parameters are obtained following the Eq. (18) with b = 0:
φ =
2
φ2
, χ =
1
2σ2
tan2
( χ
2σ
)
,  = φ + χ,
ηφ =
2
φ2
, ηχ = − 1
σ2
[
cos(χ/σ)
1 + cos(χ/σ)
]
. (30)
The slow-roll conditions, φ,χ  1, lead to the domain of the field values in
φ
√
2, χ σpi. (31)
Having all the slow-roll parameters in Eq. (30), we can find the analytic expressions of the
power spectrum, spectral index, tensor-to-scalar ratio, and the non-linearity parameter [21].
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FIG. 3: Cosmological observables Pζ , nζ , r, and f (4)NL are depicted for α = 0 case. The large non-
Gaussianity above 0.001 is hardly obtainable in this scenario when the observational constraints
from Planck are taken into account.
The results are presented in Appendix. One immediately notices that the power spectrum
Pζ ∼ O (10−9) sets the value of µ parameter as µ ∼ O(10−6) but the other parameter σ is
still to be determined. Thus we will treat σ as a free parameter.
In Fig. 3, we plotted the cosmological observables in φ∗ ∈ (15, 30) and χ∗ ∈ (10−8, 100)
with σ = 10.0. In the parameter space we typically found f
(4)
NL ∼ 0.002 − 0.006. Though
we did not present numerical results for a different domain where the inflation takes place
with χ∗ < 10−14, we sometimes found larger values of |f (4)NL| > 30. However, this domain
turns out to be largely in conflict with the measured cosmological observable: nζ < 0.01.
Also, if the inflation ends with  = 1, the model only produces non-observably small NG,
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and the values of the tensor-to-scalar ratio, r, are turned out to be slightly large, r > 0.1.
We summarize some representative results in Table I.
σ φ∗ χ∗ nζ r f
(4)
NL
10 15.557 1.0 0.9669 0.132 0.007
10 15.560 2.0 0.9669 0.132 0.007
10 15.560 10.0 0.9640 0.133 0.007
10 15.570 2.0 0.9669 0.132 0.007
TABLE I: Results for the minimally coupled case with α = 0 and σ = 10.
B. Non-minimally coupled case: K = αφ
Finally, we introduce sizable NM couplings. With the NM coupling term, the inflaton
potential in Einstein frame would be different from the one in Jordan frame so that the
actual cosmological observables are modified. In Fig. 2 the potential in Einstein frame and
the typical evolution of the inflaton fields are depicted for NM case (α 6= 0, on right) in
contrast to them in the minimal case (α = 0, on left).
Defining the conformal transformation, Ω2 = 1 + αφJ, and the k’s in Eq. (9) as
k1 = 1 +
3α2
2(1 + αφJ)
, k2 = 1, k3 = 0, (32)
we find the action in Einstein frame following the Eq. (7):
LE√
−gE = −
1
2
R +
1
2
1 + αφJ + 3α
2/2
(1 + αφJ)2
(∂φJ)
2 +
1
2
1
1 + αφJ
(∂χJ)
2 − V
(1 + αφJ)2
= −1
2
R +
1
2
(∂φE)
2 +
1
2
e2b(φE)(∂χE)
2 − U(φE, χE), (33)
where χE = χJ and φE is canonically normalized by
dφE
dφJ
=
√
1 + αφJ + 3α2/2
1 + αφJ
. (34)
The coefficient of the NM kinetic term is
e2b(φE) =
1
1 + αφJ(φE)
, (35)
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and the inflaton potential in the Einstein frame is
U(φE(φJ), χ) =
µ2φ2J
(1 + αφJ)2
[
1 + cos
(χE
σ
)]
. (36)
Hereafter, we will drop the subscript ‘E’ for brevity of the notation.
We are mostly interested in the large field limit, φJ  1/α, because the potential has
a large flat plateau along the φ direction as we discussed earlier. In this limit, the explicit
form of the canonical field is easily obtained as
dφ
dφJ
≈ 1√
αφJ
=⇒ φ ≈ 2
√
φJ/α⇐⇒ φJ ≈ 1
4
αφ2. (37)
In the limit, the NM kinetic term looks rather simple,
φJ  1
α
⇐⇒ α2φ2  4, e2b(φ) ≈ 1
αφJ
≈ 4
α2φ2
, (38)
and then the potential in Eq. (36) becomes
U(φ, χ) ≈ µ
2α2φ4
(4 + α2φ2)2
[
1 + cos
(χ
σ
)]
≡ U1(φ)U2(χ) (39)
which leads to
U1(φ) =
µ2α2φ4
(4 + α2φ2)2
, U2(χ) = 1 + cos
(χ
σ
)
. (40)
It is easily noticed that the potential becomes flat as U1 → µ2/α2 in the large field limit.
As µ 1 and we take α ∼ O(1), the potential is clearly in the sub-Planckian domain.
The slow-roll parameters in Eq. (18) are well approximated:
φ =
128
α4φ6
, χ =
α2φ2
8σ2
tan2
( χ
2σ
)
,
ηφ = − 48
α2φ4
, ηχ = −α
2φ2
8σ2
cos
(χ
σ
)
sec2
( χ
2σ
)
. (41)
From the slow-roll conditions for both of the fields, we found the allowed range for φ and χ
during the inflation as
φ 2
7
6
α
2
3
, χ 2σ tan−1
(√
8σ2
α2φ2
)
. (42)
It is convenient to express the evolution of the inflaton fields in terms of the number of
e-foldings which is given by
N = −
∫ e
∗
U1
U ′1
dφ = −
∫ e
∗
e−2b
U2
U ′2
dχ, (43)
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FIG. 4: Cosmological observables Pζ , nζ , r, and f (4)NL are depicted for α = 1.0 case. The large
non-Gaussianity above |f (4)NL| ≥ O(10) is obtained.
or more explicitly by
N ≈ −α
2
64
(
φ4e − φ4∗
)
, (44)
from which we find
φ(N) ≈ φ∗
(
1− 64N
α2φ4∗
)1/4
. (45)
The other field, χ(N), is determined by the equation of motion, 3Hχ˙ ≈ −e−2bU,χ,∫ χ
∗
1 + cos(χ/σ)
sin(χ/σ)
dχ ≈ α
2
4σ
∫ N
0
φ2(N)dN ≈ 1
4σ
α2φ2∗
∫ N
0
(
1− 64N
α2φ4∗
)1/2
dN, (46)
from which we find
χ(N) ≈ 2σ sin−1
[
sin
(χ∗
2σ
)
exp
{
α4φ6∗
96 · 8σ2
[
1 +
∣∣∣1− 64N
α2φ4∗
∣∣∣3/2]}] . (47)
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Collecting all the above formulas, we can find cosmological observables. The results are
presented in Appendix in a generic form. The numerical results for Pζ , nζ , r, and f
(4)
NL
(local) are depicted in Fig. 4. We chose µ ∼ O (10−5) to fit the observed data of the
power spectrum of curvature perturbation, Pζ ≈ 2.5× 10−9. It is interesting to notice that
µ ∼ 10−5 ∼MGUT, that is the scale of grand unified theory.
One of the most distinctive features of this case with α = 1.0 is a small value of tensor-
to-scalar ratio, r. This suppression of r may be understood as an effect of the flat potential
in the Einstein frame which is originated from the NM coupling term. In addition, a large
NG(∼ O(10)) is obtainable when the inflation takes place in a specific field space, (φ, χ) ∼
(8.5, 10−4), and the inflation ends before reaching  = 1. On the other hand, if the inflation
ends with  = 1, the model only produces non-observably small NG.
We show the representative results in Table II.
σ φ∗ χ∗ nζ r f
(4)
NL
10 7.876 0.70 0.9656 0.009 0.005
10 7.877 0.70 0.9590 0.009 0.015
10 7.878 0.65 0.9623 0.009 0.013
10 8.833 10−4 0.9647 0.003 -27.67
TABLE II: Results for the non-minimally coupled case with α = 1.0.
IV. CONCLUSION
In a single field inducing inflation, a large non-minimal coupling term of the inflaton field
and Ricci scalar gives rise to a flat potential in Einstein frame. This potential is a desir-
able one in the slow-roll inflationary paradigm [10] and has been applied to ‘Higgs-inflation’
model [9]. In this paper, we enlarge the scope of the previous studies by considering two
fields, one of which includes a significant NM coupling. We provide general analytic ex-
pressions for physical observables including power spectrum, spectral index, tensor-to-scalar
ratio, and non-linearity parameter with product-separable and additive-separable inflaton
potentials. These results would be extremely useful for explicit comparison with the existing
and forthcoming observational data and a specific choice of inflationary potential.
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As a concrete example, we examine a hybrid potential, V = µ2φ2(1 + cosχ/σ) assuming
that φ has a large NM coupling. This model is potentially realistic thus deserves further
study especially when the NM coupling is involved as is summarized in Table II. A small
value of tensor-to-scalar ratio requires a large NM coupling (see Table I for comparison).
The model produces a non-observably small NG when it is required that the inflation ends
at  ∼ 1 in most of parameter space. We also notice that a large NG(∼ O(10)) is obtainable
when the inflation takes place in a limited field space, (φ, χ) ∼ (8.5, 10−4), near the top of
the inflaton potential.
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Appendix: Cosmological observables with NM coupling
In this appendix, we derive analytic expressions of cosmological observables following the
δN-formalism [20]. We explicitly present the generic results for product-separable potential,
U1(φ)U2(χ), and sum-separable potential, U1(φ) + U2(χ), with NM coupling. The results
nicely reproduce those for the minimal case [16, 17, 22] when K = 0 and also those in Refs.
[23] where e2b(φ) = 1− e−2φ/
√
6 is assumed.
• Product-separable potential: U1(φ)U2(χ)
If the potential in Einstein frame (also in Jordan frame) is product-separable, the
number of e-foldings is given by
N = −
∫ e
∗
U1
U ′1
dφ = −
∫ e
∗
e2b(φ)
U2
U ′2
dχ. (48)
Using the constant of motion along the trajectory [22], Ct = −
∫
e−2b U1
U ′1
dφ +
∫
U2
U ′2
dχ,
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we could read out first and second derivatives of N as follows:
∂N
∂φ∗
=
sφ√
2φ∗
(
1− 
χ
e
e
e2be−2b∗
)
,
∂N
∂χ∗
=
sχ√
2χ∗
(
χe
e
e2be−b∗
)
, (49)
∂2N
∂φ2∗
=
(
1− η
φ
∗
2φ∗
)(
1− 
χ
e
e
e2be−2b∗
)
+
1
2
sbsφ
√
b∗
φ∗
χe
e
e2be−2b∗ + e4be−4b∗
1
φ∗
C,
∂2N
∂χ2∗
= e2be
(
1− η
χ
∗
2χ∗
)
χe
e
+ e4be−2b∗
1
χ∗
C,
∂2N
∂φ∗∂χ∗
= −sφsχ 1√
φ∗
χ
∗
e4be−3b∗C,
where C ≡ χe φe
2e
[
ηsse − 4 
φ
e 
χ
e
e
− 1
2
sbsφ (
χ
e )
2
e
√
be
φe
]
and ηss ≡ (ηφχ + ηχφ) / are used4.
The power spectrum is given by
Pζ = P∗
∑
I,J
N,IN,JGIJ , (50)
where P∗ = (H∗/2pi)2 and GIJ is defined in such a way that the multi-field action in
the Einstein frame is written as of the form of
L√−g = −
R
2
+
1
2
∑
I,J
GIJ∂µϕI∂µϕJ − U(ϕI), (51)
with ϕI ’s as inflaton fields. Substituting Eq. (49) into Eq. (50), one obtains
Pζ = 1
2
(
H∗
2pi
)2
e4be−4b∗
(
u2α2p
φ∗
+
v2
χ∗
)
, (52)
where u ≡ φe /e, v ≡ χe /e and αp ≡ e−2be+2b∗
[
1 + 
χ
e
φe
(
1− e2be−2b∗)].
The spectral index, nζ − 1 ≡ d lnPζd ln k [20], is
nζ − 1 = −2∗ − 2
1 +N,a
(
1
3
RabcdU,bU,c/U
2 − U ;ad/U)N,d
GLMN,LN,M
= −2∗ − 4e
−4be+4b∗
u2α2/φ∗ + v2/
χ
∗
− 1
12
[
√
χ∗/
φ
∗uα−
√
φ∗/
χ
∗v]2
u2α2/φ∗ + v2/
χ
∗
(ηb∗ + 2
b
∗) (53)
+
2
u2α2/φ∗ + v2/
χ
∗
[
u2α2
φ∗
ηφ∗ +
v2
χ∗
ηχ∗ + 4uvα +
sφsb
2
v
√
φ∗b∗
(
v
χ∗
− 2uα
φ∗
)]
,
4 In C and BS , the terms
√
be/
φ
e and
√
be
φ
e are read
√
b∗/
φ
∗ and
√
b∗
φ
∗ , respectively in [17]. Also the
signs in α˜u and α˜v below Eq. (58) are opposite in [17].
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where the semicolon denotes the covariant derivative in the scalar field space.
The tensor-to-scalar ratio, r ≡ PgPζ , with Pg = 8P∗ is
r =
16e−4be+4b∗
u2α2p/
φ
∗ + v2/
χ
∗
. (54)
Since the scale-dependent part of the non-linearity parameter is too small to be de-
tectable [16, 17], we just take into account the scale-independent part only:
6
5
f
(4)
NL =
2e−2be+2b∗
(u2α2p/
φ
∗ + v2/
χ
∗ )2
[
u3α3p
φ∗
(
1− η
φ
∗
2φ∗
)
+
v3
χ∗
(
1− η
χ
∗
2χ∗
)
+
sφsb
2
vu2α2p
(φ∗)2
√
b∗
φ
∗ +
(
uαp
φ∗
− v
χ∗
)2
e2be−2b∗C
]
. (55)
When b = 0, then Eqs. (52)–(55) reduce to the results of minimally coupled case [17,
22]. In terms of the dimensionless angle θ, the results of non-minimally coupled case
in Eqs. (52)–(55) are those in Eqs. (21)–(23).
• Sum-separable potential: U1(φ) + U2(χ)
The number of e-foldings for the case of sum potential, U(φ, χ) = U1(φ) + U2(χ), is
given by
N(φ∗, χ∗) = −
∫ e
∗
U1
U ′1
dφ−
∫ e
∗
U2
U ′2
e2b(φ) dχ. (56)
Using the constant of motion along the trajectory, Ct = −
∫
e−2b(φ) 1
U ′1
dφ+
∫
1
U ′2
dχ, we
could read out first and second derivatives of N as follows:
∂N
∂φ∗
=
sφ√
2φ∗
U1∗ + Ze
U∗
− I,
∂N
∂χ∗
=
sχ√
2χ∗
U2∗ − Ze
U∗
eb∗ − J ,
∂2N
∂φ2∗
= 1− η
φ
∗
2φ∗
U1∗ + Ze
U∗
+
sφ
U∗
√
2φ∗
∂Ze
∂φ∗
− ∂I
∂φ∗
,
∂2N
∂χ2∗
= e2b∗
(
1− η
χ
∗
2χ∗
U2∗ − Ze
U∗
− s
χe−b∗
U∗
√
2χ∗
∂Ze
∂χ∗
)
− ∂J
∂χ∗
,
∂2N
∂χ∗∂φ∗
=
sφ
U∗
√
2χ∗
∂Ze
∂χ∗
− ∂I
∂χ∗
,
∂2N
∂φ∗∂χ∗
= sχeb∗
1
2
sb
√
b∗
χ∗
U2∗ − Ze
U∗
− 1
U∗
√
2χ∗
∂Ze
∂φ∗
− ∂J
∂φ∗
. (57)
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where some useful parameters are introduced as Ze ≡ U2e
φ
e−U1eχe
e
e2be−2b∗ , I ≡∫ e
∗
U2
U ′2
2b′e2b ∂φ
∂φ∗dχ, and J ≡
∫ e
∗
U2
U ′2
2b′e2b ∂φ
∂χ∗dχ.
Cosmological observables, including power spectrum, spectral index, tensor-to-scalar
ratio, and the non-linearity parameter, are then given by
Pζ = P∗
(
u2
2φ∗
α˜2u +
v2
2χ∗
α˜2v
)
,
nζ − 1 = −2∗ − 4
(u2α˜2u/
φ
∗ + v2α˜2v/
χ
∗ )
− 1
12
(
ηb∗ + 2
b
∗
) [uα˜u√χ∗/φ∗ − vα˜v√φ∗/χ∗ ]2
(u2α˜2u/
φ
∗ + v2α˜2v/
χ
∗ )
+2
(ηφ∗u
2α˜2u/
φ
∗ + η
χ
∗ v
2α˜2v/
χ
∗ )
(u2α˜2u/
φ
∗ + v2α˜2v/
χ
∗ )
− sφsbvα˜v
√
b∗
φ
∗
(2uα˜u/
φ
∗ − vα˜v/χ∗ )
(u2α˜2u/
φ
∗ + v2α˜2v/
χ
∗ )
,
r =
16
u2α˜2u/
φ
∗ + v2α˜2v/
χ
∗
,
f
(4)
NL =
5
6
2(
u2α˜2u/
φ
∗ + v2α˜2v/
χ
∗
)2
[
u2α˜2u
φ∗
(
1− η
φ
∗
2φ∗
u− ∂I
∂φ∗
+
CS
φ∗
)
+
v2α˜2v
χ∗
(
1− η
χ
∗
2χ∗
v − e−2b∗ ∂J
∂χ∗
)
+
(
uα˜u
φ∗
− vα˜v
χ∗
)2
(AS + BS)− 2sφsχ uα˜u√
φ∗
vα˜v√
χ∗
e−b∗
∂I
∂χ∗
]
, (58)
where P∗ ≡ (H∗/2pi)2, u ≡ (U1∗ + Ze)/U∗, v ≡ (U2∗ − Ze)/U∗, α˜u ≡ 1− sφ
√
2φ∗
u
I, and
α˜v ≡ 1− sχ
√
2χ∗
v
e−b∗J .
It is useful to use sφ
√
2φ∗ ∂Ze∂φ∗ = 2U∗ (AS + BS + CS) and sχ
√
2χ∗e−b∗ ∂Ze∂χ∗ =
−2U∗ (AS + BS) where
AS ≡ −U
2
e
U2∗
φe 
χ
e
e
(
1− η
ss
e
e
− 1
2
sbsφ
χe
2e
√
be
φ
e
)
e4be−4b∗ , (59)
BS ≡ s
bsφ
2
χe
e
Ue
U2∗
√
be
φ
eZee
2be−2b∗ , (60)
CS ≡ −1
2
sbsφ
Ze
U∗
√
b∗
φ
∗ , (61)
ηss ≡ η
φχ + ηχφ

. (62)
When b = 0, then the expressions in Eq. (58) reduce to the results of minimally coupled
case in Ref. [16].
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